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Introduction
Colloidal photonic crystal (CPC) structures [1] including colloidal photonic crystal thin films have been recently developed in number of promising applications by employing their stimuli-responsive stop-band structures and structural color, e.g. as photonic fabrics [2] , magnetic displays [3] , optical sensing [4] [5] [6] , enhanced photovoltaics [7, 8] or in energy storage [9] .
CPC growth via self-assembly of colloidal monodisperse spheres of dielectric materials involves various fabrication methods such as controlled evaporation [10] spin coating [11] , shear growth [2] , the Langmuir-Blodgett (LB) method [8, 12, 13] and others. It is fair to note here that despite fairly continuous progress in the development of these materials and their applications, there are still some fundamental issues linked specifically with the various deposition routes that have not been solved completely, i.e. lack of control over the fabrication process and the lack of scale-ability toward high volume manufacturing, which are currently limiting the widespread use of these materials.
Among the many CPC assembly techniques, the LB method represents one of the fastest, most versatile and most scalable approaches for deposition of high quality two-dimensional and three-dimensional colloidal photonic crystal films. The options of being able to control the number of deposited layers in a layer-by-layer process, the ability to choose different particle sizes for each deposited layer, and the progress in LB roll-to-roll processing on flexible substrates reported recently [13] , represent important achievements which have brought these materials and the associated LB technology much closer to practical use.
Considering the potential applications of large area CPCs such as in enhancing the performance of thin film photovoltaics or flexible OLEDs, it is desirable to be able to control not only the optical properties but also their mechanical properties so as to facilitate their easy application to the structure in question since of these materials on real-size devices demand a certain level of robustness. In this regard CPCs [2, 3, 8] developed for certain applications take the physical form of a composite in which an array of self-assembled polymer or silica nanoparticles is responsible for the optical effect, e.g. stop-band formation, while the polymer cross-linker secures the required mechanical and chemical properties.
Composite CPCs made of materials such as silica and polymers embedded in other polymers with typical refractive index values in the range of 1.44-1.60 necessarily have lower refractive index difference and thus decreased amplitude of the optical effects than the original colloidal photonic crystal films which still possess void spaces filled with air (n air ≈1). The design of the CPC films for real applications then has to balance the overall material properties while keeping the amplitude of the optical effects at an exploitable level.
In this paper, we demonstrate a simple way to make and transfer large-area colloidal crystal photonic films assembled from silica and polymer nanoparticles onto new surfaces via the formation of a composite with commercially available PVA glue which effectively takes the form of freestanding sticker. We argue that the development of a simple, cheap, post processing transfer method such as this opens up the use of these materials for the general improvement in performance of in a wide range of optical devices. The CPC / PVA films allowed for complete transfer of samples with over than 100 cm 2 surface areas. An example shows the antireflective effects of a LB monolayer of silica particles with 120 nm diameter embedded in PVA transferred onto a commercial organic photovoltaic cell enhancing its conversion efficiency by about 5.2-8.3% measured at various angles in comparison with the diffractive effects obtained by using a LB monolayer of silica particles with 740 nm diameter in PVA instead.
Experimental
The particle chemistry, including synthesis and characterization as well as the parameters of the roll-to-roll LB deposition process used in order to fabricate the CPC films has been reported previously [13] . The fabrication route is currently capable of making high-quality LB mono and multilayers on flexible polyester (PES) including substrates of up to 500 cm 2 surface area on the roll with the width of 10 cm. The process of formation of a CPC / PVA composite film and its subsequent transfer onto a new substrate is then shown in Fig. 1 . The process included following steps: fabrication of a large-area CPC film on PES substrate, making a mask for coating of PVA glue (175 μm thick), coating the PVA glue film through a mask by a process resembling a simplified ink proofing (the glue by Stick.ie had a form of hydro-gel rather than a solution of PVA in water), baking the composite film at 80 °C for 10 minutes, cutting the dried composite film out of the mask and peeling it off. Two other steps were then utilized in order to robustly attach the freestanding composite films onto the organic photovoltaic (OPV) cells, namely masking and gluing. A mask was made for the silicone glue film (50 μm thick), the glue was added via the mask and then the film was dried for 2 minutes before attaching the freestanding CPC / PVA film 'sticker' onto the OPV cell. The optical characteristics of the CPC films and their composites with PVA were measured using a Mikropack halogen HL2000 white light source, with a focused spot size at the sample of approximately 1.5 mm in diameter. The transmitted or reflected light was collected via an optical fibre connected to an Ocean Optics HR4000 detector for wavelengths in the UV−vis range. Spectral analysis was performed using Ocean Optics software SpectraSuite. Reflectance measurements were calibrated against a Thor Laboratories ME1-PO1 silver mirror in normal incidence arrangement. Transmission calibration was made with respect to air. Transmission spectra of the samples were acquired at the angle of incidence θ = 0° with respect to the film normal.
The conversion efficiency and other parameters of the OPV cells were determined from V-A characteristics using a Newport Oriel 91193 series 1600 W solar simulator and at conditions described in Ref. 19 , where the incident spectrum was calibrated at 1000 W/m 2 using a reference cell. The stability of the light source was kept at ± 1.5% and the intensity corresponded to 1.5 AM over the entire surface area of the OPV cell. Data were recorded for bare OPV cells and the cells with the transferred photonic films at the angles 0°, 15°, 30° and 45° off from the normal with a help of a home-made sample holder securing the constant average distance of the cell from the source.
For testing the optical effects of CPC /PVA films on commercially available OPV cells we purchased the OPV modules of 5% power conversion efficiency (PCE) from DTU, Denmark. The technical note of the OPV cells, however, describes the cell active area may vary between 20 -50 cm 2 where 5% PCE stands for the active area of 20 cm 2 . The physical dimension of each OPV cell was 10 × 14 cm with an active area, i.e. stripes of absorbing layers covered by contact electrodes estimated to be ≈50 cm 2 . This reduced the original 5% efficiency to 2% in our solar simulator results. The transferred films had to have a minimum size of ca. ≈72 cm 2 as their dimensions were based on the overall dimensions of the OPVs which included the separations between the stripes of the absorbing layers.
Results and discussion
The material choice for making the CPC films using PVA glue was inspired by previous studies [14] [15] [16] reporting the thin film transfer for layer-by-layer stacking of two-and threedimensional CPC films by micro transfer printing. These techniques are useful when precise CPC film transfers are required and benefit from the use of micrometer or even submicrometer thicknesses as well as the adhesive properties of the PVA in the processing steps.
However, in this present work, our aim was simply to establish a simple, efficient, cheap and reliable process resulting in robust composite photonic material transfer involving CPC samples of large surface areas, which was also compatible with roll-to-roll processing of the CPC films so as to demonstrate the manufacturability of the process.
The transfer process for large surface area CPC films was optimized experimentally resulting in approx. ≈50 -70 μm thick PVA films obtained after the baking process. We compromised demands on mechanical strength of films in terms of the choice of particular PVA material whilst maintaining the requirement of high transparency and low materials usage via the use of as thin a composite film as possible. We used commercially-available PVA glue which displayed gel-like properties, i.e. high viscosity. The mechanism of film drying occurs via cross-linking of the polymer with additives present in the glue rather than through solvent evaporation as reported e.g. in Ref. 15 , although solvent evaporation also necessarily occurs. We appreciate that such glues may vary slightly with manufacturer but we suggest that these variations are unlikely to result in the failure of the general process outlined here.
In order to prove the versatility of the transfer method, we applied it first on 3D CPC films composed of organized arrays of silica and polystyrene (PS) nanospheres grown on polymer substrates. The refractive index of PVA baked at 80 °C for 10 minutes was n = 1.52, which was a value in between the values for silica spheres with n = 1.44 and for polystyrene spheres having n = 1.60, respectively. Figure 3 shows the optical reflectivity spectra of the bare and freestanding CPC / PVA composites assembled of 13-layer LB film of silica 250 nm particles, 30-layer controlled evaporation (CE) film [10] of silica 235 nm particles and 30-layer film of polystyren 265 nm particles grown by under oil vertical assembly (VA) method [17] , for comparison. The red-shifted stop band centre positions were observed in the reflectivity spectra of the CPC / PVA composite films. In addition the amplitude of the stop bands observed for the composites were all lower than those of the respective bare CPCs. Both effects were associated with the change in the effective refractive index of the bare and the composite films from 1.348 to 1.475 for silica and from 1.467 to 1.579 for polystyrene and the refractive index difference reduced from 0.44 and 0.60 to approximately ≈0.08 for both types of composites, respectively. Interestingly an opposite effect on the amplitude, i.e. following an increase in the refractive index difference of transferred composite films has been reported elsewhere [18] for high index inorganic glass materials infilled in similar CPCs. Figure 4(a) shows the optical reflectivity spectra of LB monolayers of silica particles with 120 nm diameter (LB 120 nm) and monolayers of silica particles with 740 nm diameter (LB 740 nm) in comparison with the spectra of the PES foil substrate and the PES substrate coated with 50 μm thick silicone glue film, respectively. The spectra reveal the differences between the two CPCs, being composed of 'small' and 'large' sized nanospheres. While the LB 120 nm monolayer exhibited reduced reflectivity of about 5-7% in comparison with the PES substrate foil and of about 4-6% the PES substrate coated with a silicone glue film, the LB 740 nm monolayer exceeded the reflectivity of the PES substrate of about 5 -7% in the visible wavelength range. When the LB 120 nm monolayer was then transferred onto an OPV cell by the process described here as shown in Fig. 1 ., the reflectivity of the OPV cell, recorded through the stack including the CPC / PVA composite, silicone film, double pouch foil, and active area with absorbing layer and array of electrodes -decreased again of about 5-7% as shown in Fig. 4(b) . The reflectivity of the same stack including the LB 740 nm monolayer of silica particles changed only slightly compared to the reflectivity recorded for the bare OPV cell. These results suggest that for normal light incidence the LB 740 nm monolayer in PVA would not be optically active on an OPV cell but on the other hand the LB 120 nm monolayer should be. Figure 4(c) shows the transmittance through the active absorbing layer of the OPV cell. Most efficient photo-current generation may be expected in the range of 570-670 nm. In contrast, the LB 740 nm / PVA film exhibited nearly constant values of V OC and V MP at all measured angles and diffractive optical effects which were inefficient for normal and near normal light incidence but became more pronounced for higher off normal angles of the incidence. As a result, the PCE increased by + 3.0% in comparison to the values recorded at 30° and + 7.8% for values recorded at 45°, respectively. An increase in the PCE values at these angles followed an increase in the I SC , I MP values, where ΔI SC ≈1.4ΔΙ MP , which was also responsible for the overall decrease in the FF. There are some issues we have to point out when comparing our results with those obtained using the best performing CPC-based anti-reflective coatings reported [20, 21] : (i), we achieved quite reasonable enhancement of the PCE for a composite LB 120 nm /PVA film, i.e. + 5-8% as compared to the 13% enhancement reported in Ref. 20 for materials based on the use of similar sized silica nanoparticles -considering the index difference benefit for bare CPC films, but we have also addressed concerns regarding the mechanical stability of the materials deployed; (ii) we used 120 nm and 740 nm nanoparticles with intention to demonstrate two different effects, i.e. the anti-reflective effect of small diameter particles and the diffractive effect of larger diameter particles. The particular particle diameters were selected after determining the optical transmission and reflectivity of various LB monolayers. The 120 nm particle films showed most pronounced improvement the transmission in the visible range among films made of 50, 87, 100, 120, 175, 210, 250 and 354 nm particles similarly as 740 nm particles exhibited most pronounced diffractive effect among the films made of 500, 600, 650 and 740 nm particles, respectively (iii), we have used commercial OPV cells with the size of 10 × 14 cm 2 which was already optimized (obviously) by the manufacturer in order to maximize its absorbance. This might make a comparison with the results achieved on home-made and mm-surface area cells [20] rather difficult to make since these almost always have major issues in terms of active surface area as well as stability. In contrast the OPV cells we used had excellent stability, i.e. their parameters remained unchanged within a period of 3 months which we have verified by repeated testing with an experimental error lower than ± 1.5%; (iv), we performed the cell testing on the same cell when comparing the results without and with the photonic 'sticker', which was often not the case in all reported experiments performed elsewhere. We consider this as crucial factor for securing reliable results since even commercial cells differ slightly in their performances.
We have demonstrated a potential of a new method designed to enhance the performance of real-sized commercial optoelectronic device such as thin film solar cells. As a result the option of using photonic film 'stickers' in a step following the fabrication process of a functional device seems to be quite commercially feasible. Such a layer could be easily attached and could even provide additional encapsulation, helping not only to enhance the performance of the device, but also to protect the delicate active layers from attack by moisture or oxygen, which are known to result in the rapid deterioration of device performance.
Conclusions
We have demonstrated a new way to fabricate and transfer the large surface area (>100 cm 2 ) flexible colloidal photonic crystal films from their original substrate to new substrates via a process involving the use of simple PVA glue which results in the fabrication of films having useful, exploitable optical properties and improved mechanical robustness as compared to the original films. The light trapping effects produced by monolayer CPC / PVA films were able to enhance the power conversion efficiency of real-sized, commercial organic photovoltaic cells by about 8% according to our solar simulator testing. We anticipate that the application of CPC films in various PV, OPV, OLED and even laser technologies will become widespread once the advantages of our new process are appreciated. 
